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Abstract
The development of the first generation of commercial quantum com-
puters is based on superconductive qubits and trapped ions respectively.
Other technologies such as semiconductor quantum dots, neutral ions and
photons could in principle provide an alternative to achieve comparable re-
sults in the medium term. It is relevant to evaluate if one or more of them
is potentially more effective to address scalability to millions of qubits in
the long term, in view of creating a universal quantum computer. We
review an all-electrical silicon spin qubit, that is the double quantum dot
hybrid qubit, a quantum technology which relies on both solid theoretical
grounding on one side, and massive fabrication technology of nanometric
scale devices by the existing silicon supply chain on the other.
1 Introduction
The assessment of a quantum computer requires a solid and versatile platform
in terms of fabrication, scalability, integration and reliability. Today’s quan-
tum processing units (QPUs) are implemented by a variety of physical systems
competing to achieve the goal of ultimate universal quantum computing. Key
ingredients are both high quality physical qubits and fault tolerance by quan-
tum error correction. Semiconductor qubits encode quantum information by
the spin of either electrons or holes confined through artificial atoms such as
quantum dots and individual donor atoms. Spin qubits have already proved
feasibility [1] and integration. They are in principle suitable for mass scalability
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[2] and sufficient reliability [3]. The fabrication techniques developed by the cur-
rent microelectronics industry allow in principle relevant advantages in terms of
scalability, integrating multiple qubits in micrometric scale circuits [4, 5]. Spin
qubits are being developed by academia [6, 7], large pre-industrial fabrication
facilities (LETI, IMEC) [8, 9], and a large company (Intel). Although the in-
tegration of multiple silicon spin qubits with Complementary MetalOxideSemi-
conductor (CMOS) control electronics is not straightforward, significant steps
forward have been done very recently binding the assessment of a full CMOS
approach [8] that combines classical electronics with quantum circuits on the
same substrate operating at cryogenic temperatures [10, 11].
A major obstacle to the implementation of fault-tolerant quantum comput-
ers at large scale is indeed represented by the intrinsic fragility of quantum
states. Qubits are inevitably coupled to the environmental degrees of freedom
causing a loss of coherence that affects their operations. In superconductive
qubits, the mitigation is achieved by the combination of millikelvin tempera-
ture and the relative large size of the superconductive circuit of the order of
tens of microns, which make the device insensitive to nanometric scale variabil-
ity. Trapped ions have the advantage of being potentially worked out at room
temperature thanks to the stability of the atomic states suspended in a high
vacuum, and a manipulation at millimetric length scale. Spin qubits in silicon
are deeply affected by the influence of magnetic noise, i.e. the dephasing due to
the presence of nuclear spins, as well as by the influence of charge noise, arising
from the fluctuations of the energy levels on each quantum dot due to noisy
gate voltages or the environment [12, 13]. The use of purified isotopes with
zero nuclear spin (28Si) is a valuable strategy to reduce significantly magnetic
noise due to the hyperfine interaction [14], in addition several techniques have
been discussed which partly decouple the qubit from magnetic noise [15]. To
overcome the issue related to the ubiquitous electrical noise it is shown that it
is favorable to operate the qubit on the so-called sweet spots less susceptible to
noise [16], providing in this way a longer qubit lifetime. Moreover the analysis
of the qubit decoherence must also include the electronphonon interaction. It
can arise from an inhomogeneous deformation of the crystal potential, resulting
in an alteration of the band-gap (in all semiconductors), and from a homoge-
neous strain due to piezo-electric effect (in crystals without structure inversion
symmetry, i.e. GaAs, not in Si). This contribution, contrary to the hyperfine
interaction that is reduced with a large Zeeman splitting, is instead enhanced
by an applied magnetic field. Finally, in silicon also the physics of the con-
duction band minima could affect the dynamics. In bulk silicon the electrons
lying in the minimum of the conductance band carry sixfold valley degeneracy
[17]. Confinement along one direction lifts valley degeneracy. Only if the qubit
energy splitting is smaller with respect to the valley splittings the latter contri-
bution can be disregarded. The degeneracy of the maxima of valence band at
k=0 play the analogous role for hole-spin qubits, that are operated exploiting
the spin-orbit coupling.
Lastly, fast gate operations must follow the adiabaticity requirement. A
quantum gate is adiabatic when the parameters of a qubit prepared in an ar-
2
bitrary superposition of eigenstates of the Hamiltonian change slowly during
the time so that the transitions between eigenspaces is negligible. On one hand
the pulse sequences used in adiabatic protocols are more resilient against pulse
errors but on the other, being slower, they could be more sensitive to charge
noise. For this reason, it is relevant to connect the fidelity of quantum gates
with the charge noise.
In this perspective article we focus on a all-electrical realization of quantum
dot qubit in silicon, i.e. the three electrons in a double quantum dot hybrid
qubit. It represents a compromise between a charge qubit operating when the
detuning is small and close to zero, and a spin qubit for large detuning values. As
said, it is realized electrostatically confining three electrons in a double quantum
dot and the logical states are defined in the spin subspace with total spin S = 1/2
and vertical component Sz = −1/2.
The article is organized as follows: Section 2 discusses the silicon qubit and
the theoretical model of the hybrid all-electrical qubit, Sections 3 the theory
involving quantum information processing by hybrid qubits, Section 4 the ex-
periments carried at cryogenic temperature, while Section 5 discusses the scaling
perspectives.
2 Qubit based on silicon quantum dots
How to realize a spin-based quantum computer is still the subject of a heated de-
bate. Several reliable qubit implementations are based on both GaAs IIIV com-
pound [18, 19, 20] and group IV semiconductors such as Si [21, 22, 23, 24, 25, 26]
and SiGe [27] compound. Electrically gated quantum dots in silicon, combined
with integrated classical electronics [28, 29, 30], assure excellent manipulation
and potentially scalability. Continuous progresses have been made over the past
decade for single and two qubits operations in single [31, 32, 33, 6, 25, 34], dou-
ble [35, 36, 37, 38, 39, 40], and triple quantum dots [41, 42, 43, 44] respectively.
However, in order to be competitive with respect to the current alternative tech-
nologies such as superconductors and trapped ions, it is necessary to improve
the qubit performance in terms of the number of gate operations that can be
executed within the coherence time of the spin qubit.
Table 1 contains an overview of the more appealing spin qubits in silicon
(quantum dots and donors), reporting the main figures of merit: the qubit
frequency, the coherence time (Ramsey experiment), the dephasing time (spin
echo) and the quality factor related to a pi-pulse operation.
Starting from these considerations, hybrid qubits based on three electrons
in a double quantum dot provides a balanced compromise among fabrication,
tunability, fast gate operations, manipulation and scalability [48].
Hybrid qubit One of the most appealing property is related to the manipula-
tion, that is purely electrical when gate operations are performed. This feature
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Qubit Material f(MHz) T ∗2 (ns) T2(ns) Q ≡ T ∗2 /Tpi Ref.
Single spin Si/SiGe ∼ 5 ∼ 9× 102 3.7× 104 ∼ 9 [34]
Single spin 28Si ∼ 0.3 ≤ 1.2× 105 1.2× 106 ≤ 80 [26]
Donor spin (e−) P in natSi ∼ 3 55 2× 105 ≤ 1 [23]
Donor spin (e−) P in 28Si ∼ 0.2 ∼ 3× 105 1× 106 ∼ 108 [45]
Singlet-Triplet Si/SiGe ∼ 351 > 1× 103 n.a. n.a. [46]
Hybrid Si/SiGe ∼ 1× 104 ∼ 11 ∼ 40 ∼ 250 [47]
Table 1: Comparison of different spin-based qubits.
enables much faster gate operations than using ac magnetic fields, inhomoge-
neous dc magnetic fields or mechanisms based on spinorbit coupling [49, 50, 51].
The use of oscillating magnetic or electrical fields or quasi-static Zeeman field
gradient, which is mandatory in singlet-triplet qubits, is here unnecessary. The
knobs that suffice for all the gate operations are the exchange interactions be-
tween pairs of spins. Moreover such an implementation presents a clear analogy
with the qubit proposed in Ref. [41] with three electrons operating in a triple
quantum dot.
The basis state of the Hilbert space containing three electron spins, rep-
resenting one qubit, is written in the computational basis via ClebschGordan
coefficients [52]. To encode the hybrid qubit, the two-dimensional subspace of
three-spin states with quantum numbers S = 1/2 and Sz = −1/2 is used. The
logical basis is constituted by singlet and triplet states of a pair of electrons,
for example the pair in the left dot, combined with the single spin state of the
third electron, localized in the right dot, forming two virtual qubit states
|0〉L ≡ |S〉|↓〉, |1〉L ≡
√
1
3
|T0〉|↓〉 −
√
2
3
|T−〉|↑〉 (1)
where |S〉, |T0〉 and |T−〉 are respectively the singlet and triplet states |S〉 =
|↑↓〉−|↓↑〉√
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, |T0〉 = |↑↓〉+|↓↑〉√2 , |T−〉 = |↓↓〉 in the left dot, and |↑〉 and |↓〉 respectively
denote a spin-up and spin-down electron in the right dot.
The schematic of the hybrid qubit is reported in Fig. 1a. In addition to the
logical states, an (1,2) excited state |E〉 ≡ |↓〉|S〉 induces transitions between
them through the tunneling amplitudes t1 and t2. The Hamiltonian model in
the {|0〉L, |1〉L, |E〉} basis is
H =
 0 0 t10 E01 −t2
t1 −t2 ε
 , (2)
where E01 represents the energy splitting between the logical qubit states and ε
is the detuning between the two quantum dots that can be changed by varying
the applied electrostatic potential in one of the two dot. The energies of |0〉L,
|1〉L and |E〉L as a function of the detuning ε between the two dots are reported
in 1b. The ground state changes charge occupation from (2,1) when ε < εA to
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Figure 1: (a) The hybrid qubit is a virtual qubit consisting of three physical spin
qubits. The logical states are connected via the excited state E. (b) Energy
diagram of the eigenstates of the Hamiltonian, showing energy range for control
operations, as a function of the detuning  between the two quantum dots that
can be changed by varying the applied electrostatic potential in one of the two
dots. (c) The circuit diagram for the gate sequence corresponding to the arrows
in (b). The A and B gates correspond to charge qubit rotations, while P is
a phase gate. Reprinted with permission from [53] Copyright 2012, American
Physical Society http://dx.doi.org/10.1103/PhysRevLett.109.250503.
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(1,2) when ε > εA. Two avoided crossing occur between |0〉L and |E〉 at εA
(blue box) and between |1〉L and |E〉 at εB (dotted magenta box) through which
pulse-gate transitions between |0〉L and |1〉L can be performed. Pulses of the
detuning εP are used to induce phase differences between the three states. An
example of gating sequence to perform arbitrary rotations in the qubit space is
indicated with arrows. Figure 1c shows the corresponding circuit diagram for
the gate sequence.
3 Theory
This Section collects the main theoretical results on the hybrid qubit.
A compact theoretical description of the hybrid qubit through an effective
model appeared in Ref. [54]. The general effective Hamiltonian is derived in
terms of the spin operators of the three electrons and of their interactions, start-
ing from the general Hubbard-like model. Technically, it is derived by defining a
suitable projection operator according to the Schrieffer and Wolff method [55].
The coupling constants, preserving an explicit dependence of all the parameters,
are obtained analytically. The one qubit effective Hamiltonian is exploited to
study two qubits systems. For a pair of interacting qubits there are two different
connection designs, due to the asymmetry of the hybrid qubit. The Hamiltonian
of both cases can be derived analytically as from [52]. The evolution operator
obtained from the one- and two- qubits effective Hamiltonian is a powerful tool
that has been exploited in the derivation of a universal set of quantum gates,
that is composed by single qubit operations for arbitrary rotations and the two-
qubits controlled NOT (CNOT) gate [52, 56]. Single qubit gates for arbitrary
rotations have been derived analytically by using the Euler angle method, if ro-
tations by arbitrary angles about two orthogonal axes are available, i.e. Rx(φ)
and Rz(θ). Rx(φ) (Rz(θ)) is implemented by a two-step (three-step) sequence
imposing that the evolution matrix of the entire sequence, that is the product
between the unitary evolution matrix of each step, is equal to the corresponding
rotation matrix Rx(φ) (Rz(θ)) [57]. The sequences for the CNOT gates in the
two different designs are obtained numerically with a search algorithm, that is
a combination of a simplex-based and a genetic algorithms. At each iteration
the sequences approaches the global minimum, featuring a reduced number of
exchange steps and minimum interaction time. To exemplify a realistic condi-
tion, a double quantum dot in a Si nanowire is simulated by employing SDFT
(spin density functional theory) predicting CNOT gate operations times in the
range of 10 ns [56].
Despite such pulses are not adiabatic, Ref. [53] reports a study on the
implementation of fast pulsed gates that exploit the qubit level crossings. One-
and two-qubits gates, X gate and CPHASE gate respectively, are implemented
with dc quantum gates that are simpler with respect to the ac quantum gates.
Such control sequences show fast gates in the subnanosecond regime with high
fidelities. In Ref. [58], Wong presents a theoretical study on the decoherence
caused by 1/f charge noise and how to minimize the charge noise dependence in
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the qubit frequency. Optimal working points for ac gate operations that drive
the detuning and tunnel coupling are also determined. The calculations show X
gate fidelities up to 99.8% that are exponentially sensitive to the 1/f detuning
noise parameter, meaning that a small reduction in charge noise could improve
significantly qubit fidelity.
How the hybrid qubit dynamics is affected by magnetic and electrical noise
mainly due to fluctuations in the applied magnetic field and charge fluctuations
on the electrostatic gates, is analyzed in [59, 60]. Magnetic noise originating
from nuclear spins is negligible in natural Si and, even more, for isotopically
purified Si. Fluctuations in the applied magnetic field and charge fluctuations
on the electrostatic gates adopted to confine the electrons, is taken into account
including random magnetic field and coupling terms in the Hamiltonian deriving
the behavior of the return probability as a function of time for initial conditions
of interest. The evaluation of the coherence times, in correspondence of model
parameters taking values of experimental interest, is done by extracting them
through an envelope-fitting procedure on the return probabilities, giving a T ∗2
in the range from tens up to hundreds of ns, depending on the entity of the
noise.
The phonon-induced relaxation and decoherence processes is investigated by
adopting the Bloch-Redfield theory in [61]. By employing a three-level effective
model for the qubit and describing the environment bath as a series of harmonic
oscillators in the thermal equilibrium states, the relaxation and decoherence
times as a function of the bath spectral density and of the bath temperature
are extracted obtaing results in the range of hundrens of ns. Moreover strongly
driven silicon-quantum-dot hybrid qubit is studied in [62] and in [63] in presence
of 1/f charge noise. For X gate it is shown how the fidelity can be improved
reaching values > 99.9%, even in the presence of phonon dephasing.
Concerning the progress on the two-qubits case, a method for transferring
single electrons by a pulsed gate is proposed in Ref. [64]. The effect is achieved
by applying fast voltage pulses at gates close to the quantum dots. The main
challenge of the entangling gate is to avoid leakage to other states. Either a
two-step procedure or an adiabatic manipulation protocol is proposed. The
procedure provides a variety of leakage states and the couplings to them must
be avoided during the operation. These couplings but also nuclear spin noise
and charge noise introduce errors for the pulse-gated two-qubits operation that
can not be overlooked.
A powerful adiabatic entangling protocol based on capacitive couplings be-
tween hybrid qubit has been proposed [65]. Adiabatic protocols are more re-
silient against pulse errors than non-adiabatic pulses. They are less susceptible
to leakage errors, but due to slower speeds they could be more to charge noise.
For this reason it is crucial to study the effect of charge noise on the gate fideli-
ties. The approach presented is based on the tuneable, electrostatic coupling
between distinct charge configurations, and the new concept of a dynamical
sweet spot (DSS) is developed. A simple pulse sequence that achieves an ap-
proximate DSS for a CZ gate is reported, with a significant improvement in
the fidelity. The highest-fidelity sequence gives an average process fidelity of
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99.08%. A two-hybrid-qubits coupling scheme based instead on exchange in-
teractions has also been proposed [66]. With this approach the qubits remain
at their sweet spots during the whole operation. In the presence of realistic
quasistatic and 1/f charge noise, the simulations for the CZ and ZCNOT gates
show fidelities both > 99.9%.
Another fundamental aspect is related to the realization of devices able to
interconnect remote sites composing the quantum circuit to transfer informa-
tion [67, 68]. In order to overcome the problem of interaction between distant
qubits, different routes have been pursued: the SWAP chain protocol [4, 5] and
the coherent tunneling by adiabatic passage (CTAP) scheme [69, 70, 71]. The
SWAP method is based on the sequential repetition of SWAP gates between
adjacent qubits. The CTAP scheme consists of the tunneling of the three elec-
trons localized initially in the first double quantum dot at the head of the chain
to the end by adopting Gaussian pulses in a reversed sequence. The population
transfer between two distant double quantum dots may be achieved without
occupation in the internal quantum dots.
4 Experiments with spin qubits
Experiments involving spin qubits in silicon have been reported by an increasing
number of groups by a variety of different approaches. In order to be scalable,
CMOS standard technology is likely to be preferred. Indeed the exploitation
of the well assessed silicon industry could pave the way towards the large-scale
quantum computation era based on the same silicon chip technology which
played a prominent role in the current information age. To date, the only
experiments reported on quantum dots based on a CMOS platform compatible
with an industrial process are those based on the devices fabricated by LETI [8,
1], while INTEL is still working on its 300mm process line for qubit fabrication
[72]. In the following we focus on the literature of experiments of hybrid spin
qubits in silicon, which could be fabricated with the same CMOS standard
technology mentioned above.
All the experimental results presented in this Section are based on devices
realized is Si/SiGe heterostructures where electrostatically top-gated quantum
dots are realized.
In 2012 Z. Shi and coworkers presented experimental evidence of the feasibil-
ity to implement hybrid qubit in silicon quantum dots [48]. They made the first
experimental test on a Si/SiGe device and measured the triplet-singlet relax-
ation time in a single silicon dot, with T1 = 141±12 ms. They also demonstrated
readout of the singlet and triplet states of two electrons in a silicon dot. They
estimated theoretically dephasing times to be on the order of microseconds, a
long time compared to quantum operations times.
In 2014 the fast hybrid qubit full control on the Bloch sphere was demon-
strated [47]. A pi-rotation times of less than 100 ps in two orthogonal directions
has been demonstrated. Moreover high X and Z rotations fidelities are extracted
finding respectively 85% and 94%.
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Such results have been improved in [3] where quantum process tomography
yields gate fidelity higher than 93% (96%) around the X (Z) axis of the Bloch
sphere. By resonantly modulating the double dot energy detuning and employ-
ing electron tunnelling-based readout, fast Rabi oscillations and purely electrical
manipulations of the three-electron spin states has been achieved. A Ramsey
pulse sequence as well as microwave phase control are adopted to demonstrate
universal single qubit gates.
Figure 2: (a) Schematic diagram of the pulse sequences to perform universal
control of the qubit. (b) P1 of the state to be |1〉 at the end of the driving
sequence as a function of the voltage VL and the delay time te for the initial
condition |Y 〉 = 1/√2(|0〉+ i|1〉). (c) P1 as a function of te with VL=-391.7 mV,
showing ≈11.52 GHz Ramsey fringes. (d) Effect of the phase φ of the second
microwave pulse on the state |Y 〉 (by applying Xpi/2 on |0〉, black), and | − Y 〉
(by applying Xpi/2 and Zpi on |0〉, red). Reprinted with permission from [3]
Copyright 2015, Springer Nature.
In Fig. 2a the schematic diagram of the pulse sequences used to perform
universal control of the qubit is reported, where te is the delay time and φ is
the phase of the second microwave pulse. The experimental measurements of Z
axis rotation are reported in 2b: P1 as a function of the voltage VL and te for
|Y 〉 = 1/√2(|0〉+ i|1〉) and in 2c: P1 as a function of te with fixed VL = −391.7
mV, showing ≈11.52 GHz Ramsey fringes. The red solid curve supplies the best
fit parameter T ∗2 = 11 ns. The effect of the phase φ on the state |Y 〉 applying
two different pulses is shown in 2d. In both cases the oscillation of P1 are visible.
Moreover, they implement dynamic decoupling sequences on the hybrid qubit
enabling coherence times longer than 150 ns.
Following this path, it is of fundamental interest the detrimental effect of the
environment and conversely how it is possible to increase significantly T ∗2 and
ΓRabi by appropriate tuning the qubit parameters and the operating points. In
Ref. [73] a very promising T ∗2 of 177 ns and a Rabi decay time 1/ΓRabi exceeding
1 µs are found, as from Fig. 3.
In particular Fig. 3a shows both the energy of the qubit (black line) and
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Figure 3: (a) Plots of the qubit energy EQ (black) and its derivative (red)
as a function of the detuning ε. (b)(e) Rabi oscillations of the probability P1
obtained at the same tuning but at different ε as indicate in (a). (f) Rabi
oscillations, taken at a different device tuning, demonstrating over 100 coherent
Xpi/2 rotations within a Rabi decay time. (g) Rabi oscillations, taken at a
different device tuning, demonstrating a Rabi decay time longer than 1 µs.
(h) ΓRabi obtained by fitting to an exponential decay showing a quadratically
dependence on dEQ/dε. The different tunings are labeled with different colors
(red, green, and blue). (i) Rabi decay rate showing a linear dependence on the
microwave amplitude Aε. Reprinted with permission from [73] Copyright 2017,
Springer Nature.
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its derivative with respect to the detuning (red line) as a function of detuning,
showing the decrease in the slope dEQ/dε with increasing ε. Figure 3be shows
Rabi oscillation measurements, performed by applying a microwave burst of
duration tRF and acquired at the detunings labeled be in Fig. 3a. In 3f-g Rabi
oscillations, taken at a different device tuning, demonstrate over 100 coherent X
pi/2 rotations within a Rabi decay time (f) and a Rabi decay time longer than 1
µs (g). Finally in 3h-i ΓRabi is obtained by fitting to an exponential decay and
plotted as a function of dEQ/dε (h) highlighting a quadratically dependence and
as a function of the microwave amplitude Aε (i) showing a linear dependence.
The different tunings are labeled with different colored dot.
A comparison between theory and experiment is reported in [74] where, by
employing tight-binding simulations, they identify potential disorder profiles
that induce behavior consistent with the experiments. Sweet spots where the
decoherence caused by charge noise is suppressed are identified. How the inter-
facial atomic structure can be used in particular cases as a tool to enhance the
fidelity of Si double-dot qubits has been explored.
To summarize, Table 2 contains a collection of the main hybrid qubit exper-
imental results extracted from different experimental papers.
T1 T
∗
2 1/ΓRabi X Gate Fi-
delity
Z Gate Fi-
delity
141± 12 (ms) [48] 177 (ns) [73] ∼ 1 (µs) [73] 93% [3] 96% [3]
Table 2: Hybrid qubit experimental results collection.
5 Toward large scale fabrication of spin qubits
in silicon
In principle, the key advantages of the silicon platform consist of its capability to
co-integrate both the physical substrate of the qubits and the control electronics
within a single technology, and the fabrication of millions of physical qubits by
a single process on a small chip. The existing silicon supply chain enables
fabrication at the 7 nm technology node, while the 5 nm technology node is
being developed. The main issues to fight are variability among qubits, as tiny
fabrication differences at the level of single atom positioning are potentially
harmful, and source of decoherence. As said, the latter may be mitigated by
using isotopically pure silicon.
5.1 From arrays of quantum dots to 300 mm wafers
A two-dimensional arrangement of single spin qubits has been designed for in-
stance in Ref. [7]. The proposal consists of a single spin qubits quantum com-
11
puter based on CMOS technology organized according a surface code architec-
ture.
Another two-dimensional array crossbar architecture is reported in Ref. [75].
It has a three-layer design to define qubit and tunnel barrier gates. It is based
on shared control and a scalable number of control lines. The scheme is pro-
posed for a two-dimensional array of quantum dots that can operate a large
number of qubits with high fidelity, to support universal fault-tolerant quantum
computation. The ability to shuttle qubits over large distances in principle pro-
vides means to realize quantum error correction schemes and quantum circuit
implementations otherwise reserved to non-planar architectures.
The challenging problem of the increase of the heat load because of scaling
versus the fixed amount of cooling power of dilution refrigerators is investigated
in Ref. [76]. It consists of the first report of operation of two qubits confined
by quantum dots at 1.5 K. In 28Si the single-qubit gate fidelity is 98.6% and
the coherence time T ∗2 = 2µs. The quantum dots are isolated from the elec-
tron reservoir. Coherent control of the qubits requires electrically-driven spin
resonance (EDSR).
Quantum dot based spin qubits are developed in the prospect of achieving
high densities, all-electrical operation, and integration onto an industrial plat-
form. A system composed by two qubits has been demonstrated to overcome
qubit crosstalk, state leakage and calibration issues [77]. Such programmable
two-qubits quantum processor has been shown to perform both the Deutsch-
Josza and the Grover search algorithms at minimal resource scale. The fidelity
characterized through quantum state tomography of Bell states is of about
85-89%. Such technology based on quantum dots, being is either Si-MOS or
Si/SiGe, requires industrial class fabrication on 300 mm wafers. To achieve
such goal, the footprint of the actual qubit which includes the wiring according
to the design rules of a technology node has been evaluated [5]. The choice of
all-electrical hybrid spin qubits requires spins to be sufficiently close to allow
an operation time compatible with fault tolerant quantum computing. Such
constraint limits the candidate technology nodes below 14 nm node while time
operation windows span the range 1-10 GHz. Intel is developing a 300mm pro-
cess line for spin qubit devices using immersion lithography and isotopically
pure epitaxial silicon layers [77]. Transistors and quantum dot devices are co-
fabricated on the same wafer. Such technology requires high quality material
deposition, including highly purified silicon, and high process control [72].
5.2 Packing qubits: comparison with other qubit tech-
nologies
The time past between the first demonstration of a two-qubits algorithm by su-
perconductor qubits [78] and the first gate model programmable chip generation
with several qubits is less than a decade. Spin qubits in silicon and a two-qubits
quantum algorithm have been demonstrated up to now with a delay of about
7-8 years so if such pattern is respected, after the first two-qubits quantum algo-
rithm implementation in silicon of 2018 [77], the first programmable gate-model
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silicon quantum chip could be fabricated by 2025.
The long term aim is to achieve a number of physical qubits of the order
of 106 − 108 so to run generic quantum algorithms. Moving toward large scale
quantum chips raises issues related to the physical footprint of all the control
connections from the qubits to the outside world, the cross-talk minimisation
and the heat dissipation.
In Table 3 the footprint of the physical qubits by different technologies is
compared. The density of quantum information, i.e. the number of physical
qubits per unit area, is reported for the silicon qubit (single-spin and hybrid
qubit) in comparison with the qubits of existing quantum computers namely
superconductive and trapped ions qubits.
Semiconductor
Single-Spin
qubit
Semiconductor
Hybrid qubit
(Steane code)
Semiconductor
Hybrid qubit
(Surface
code)
Superconductor
Flux qubit
(DWave like)
Superconductor
Transmon
qubit (IBM
like)
Trapped
Ion
qubit
Mqbph/cm
2 8000 830 100× 102 8× 10−4 10−5 2× 10−5
Achip(mm
2) 25 240 20 25× 107 2× 1010 1010
Reference [75] [5] [5] [79] [80, 81] [82]
Table 3: Number of physical qubits per unit surface and area covered by 2
billions of physical qubits. The silicon hybrid qubit footprint refers to the 7 nm
technology node.
The footprint of silicon qubits is significantly smaller than superconductors
and trapped ions, which may raise concerns when scaling above hundreds of
thousands.
5.3 Cryogenic control electronics
The issue of the control electronics is discussed in Ref. [83] where an hybrid
solution between conventional and quantum electronics is suggested. A circuit
operating at near-absolute-zero temperature divided into cells is detailed, each
cell containing a control field-effect transistor and a quantum dot device, formed
in the channel of a nanowire transistor. The readout is done by interfacing the
cells with a single radio-frequency resonator. Both single charge sensing for spin
to charge conversion and fast rf-reflectometry readout scheme can be used. The
idea beyond this approach is to reduce the number of input lines per qubit when
going to large-scale device arrays.
The scalability of the hybrid qubit is the subject of the work done in [4]
and in [5] where the footprint of silicon spin qubits is evaluated according to
industrial fabrication constraints. The operation bandwidth of such qubits at
the technology node below 14 nm is compatible with ordinary 1-10 GHz control
operations which in turn are allowed by standard coaxaial lines.
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The cryogenic Field-Programmable Gate Arrays (FPGA) [11] and electronics
in general have been intensively discussed by several groups [84, 85]. Multiplex-
ing and the hope of operating spin qubits at 1.5 K [76] significantly relaxes the
heavy requirements due to the thermal load carried by several qubits.
6 Conclusions and perspectives
It is now universally accepted that a full-scale quantum processor would have
applications in a variety of different scientific, social and economical contexts
from finance to the security and medical sectors. Quantum computers may play
a special role by their combination with artificial intelligence towards quantum
machine learning [86]. Despite a delay of about 7-8 years in terms of matu-
rity with respect for instance to superconductor qubits, silicon is definitely in
strong competition with the two technologies used to fabricate commercial quan-
tum computers, namely superconductors and trapped ions by corporate giants
(Google, Rigetti, IBM, Alibaba and IonQ).
The fabrication of a complete silicon fault-tolerant architecture is an ambi-
tious task, but the possibility of using the well assessed semiconductor manufac-
turing paves the way towards the large-scale quantum computation era based
on the same silicon chip technology at the heart of our current information age.
Moreover silicon quantum computer lies on a technology platform ideal for scal-
ing up to the large numbers of qubits needed for universal quantum computing.
If on one side the CMOS technology for the qubit fabrication and the in-
tegration with the cryogenic control represent ambitious and challenging tasks,
the recent advancements in this field from theory and experiments that we have
highlighted in this perspective article demonstrate that they are not unrealis-
tic. The silicon route must be pursued and the goal could be achieved together
with the enhancement of the fabrication techniques especially in 28Si. In con-
clusion there is a serious chance that silicon will provide a feasible technological
platform to support future universal quantum information processing.
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